>1.3 million people are sick with Campylobacter every year (CDC, 2017) . Globally, the incidence varies among countries and the true incidence of campylobacteriosis is largely unknown, particularly in developing countries (WHO 2013) . There are multiple reasons for this, that is, underreporting, difficulties with diagnosis, differences in reporting systems and in surveillance. Nevertheless, campylobacteriosis is regarded a disease with considerable socio-economic implications (WHO, 2013) . Campylobacter spp. frequently colonize the intestine of various species of animals, especially birds. These bacteria can be transferred to humans by direct contact with animals, or through consumption or handling of contaminated food products or water (EFSA, 2016; ESR, 2016; Kuhn et al., 2017) . Person-to-person transmission is considered relatively uncommon (Rotariou et al., 2010) .
Poultry and poultry products are considered the most important sources of human infections (EFSA, 2011) . However, human infections are also caused by isolates originating from cattle, and to a lesser extent other animals (Boysen et al., 2014; Humphrey, O'Brien, & Madsen, 2007; Kittl, Heckel, Korczak, & Kuhnert, 2013; Mullner et al., 2009; Ravel et al., 2017) . Contamination of meat may occur during slaughter if live animals are intestinal carriers Lindblad, Hansson, V agsholm, & Lindqvist, 2006; Rosenquist, Nielsen, Sommer, Nørrung, & Christensen, 2003) . Reducing the Campylobacter load at the farm level and reducing contamination at slaughter are therefore important tasks to prevent transmission to humans (Hansson, 2007) . There is a need for more knowledge about sources and transmission routes and to what extent various animal sources contribute to the human Campylobacter disease situation.
Campylobacter spp. are fastidious bacteria, sensitive to desiccation, high/low temperatures and with specific growth requirements (Bolton & Coates, 1983) . Transport, handling and analysis of samples for Campylobacter are cumbersome, and conventional methods used for many other bacteria are usually not applicable (Luechtefeld, Wang, Blaser, & Reller, 1981) . Molecular methods for identification and characterization of Campylobacter spp. have proved successful (Dingle et al., 2001; Gibson, Fitzgerald, & Owen, 1995; Llarena, Taboada, & Rossi, 2017) and should be further explored to develop rapid and standardized assays for detection (and quantification) of Campylobacter in samples from humans, animals and food.
The mechanisms behind pathogenicity of Campylobacter are poorly understood. Studies of virulence factors or virulence-associated genes in Campylobacter have so far not given conclusive evidence of genes correlated with the disease in humans (Ellstr€ om, Feodoroff, H€ anninen, & Rautelin, 2013; Ellstr€ om, Feodoroff, H€ anninen, Rautelin, & Allerberger, 2014) . There is no simple animal model available that mimics human disease for studying and possibly discriminating between (for humans) pathogenic and non-pathogenic strains (Janssen et al., 2008) . In spite of all the research and surveillance done in the last decades, there is still a need for further investigation of various tools for control of Campylobacter to prevent campylobacteriosis in humans. DISCONTOOLS was originally developed under an EU-funded FP7 project and contains information and scores (gap analysis and prioritization) on 52 diseases. This study describes current knowledge gaps in diagnosis, prevention and control of campylobacteriosis.
Details of the analysis can be downloaded from the web site at http://www.discontools.eu/.
2 | EPIDEMIOLOGY 2.1 | Placing the disease in the current context Campylobacter spp. were initially isolated from humans in conjunction with a milk-borne outbreak in the United States in 1938 (Levy, 1946) . In the late 1950s, Campylobacter spp. were isolated from blood samples of children with diarrhoea (King, 1957) . In that report, the author made three important observations: the bacteria were isolated from humans with acute diarrhoea; optimum growth temperature for the bacteria was 42°C; and human strains were indistinguishable from those recently isolated from chickens.
A crucial step forward towards establishing a causal relationship was made in Belgium in 1972 when Campylobacter spp. was isolated from the blood and faeces of a previously healthy young woman with acute febrile haemorrhagic enteritis (Dekeyser, Gossuin-Detrain, Butzler, & Sternon, 1972) . However, there was apparently no acknowledgement of these findings until Skirrow (1977) isolated the organism from a febrile baby with diarrhoea.
In a European Union summary report on trends and sources of zoonoses, zoonotic agents and food-borne outbreaks in 2015 (EFSA 2016), Campylobacter was described as the most commonly reported gastrointestinal bacterial pathogen in humans in the European Union (EU) and has been so since 2005. In Australia, New Zealand as well as in the United States, Campylobacter is the most common bacterial cause of gastroenteritis (CDC, 2017; ESR, 2016; NNDSS, 2016) .
Campylobacteriosis is also a major problem in other parts of the world (Kaakoush, Castaño-Rodr ıguez, Mitchell, & Man, 2015; WHO, are only submitted to investigate point-source outbreaks, whereas sporadic cases are ignored (Kumagai et al., 2015) . Therefore, accurate rates of human incidence among countries remain an important knowledge gap (Table 1) and confound understanding the value of interventions or lack thereof applied in various countries (Vally, Hall, Scallan, Kirk, & Angulo, 2009 ). In countries with artificially low reporting of human incidence, such low rates may actually preclude initiation of broiler flock surveillance and evaluation of efficacy of interventions at the farm level. Furthermore, national incidence rates that combine domestically acquired and foreign travel-associated disease cloud the ability to evaluate domestic sources and risk factors for disease in humans. The high sensitivity of enteric disease reporting in the Scandinavian countries (EFSA, 2016) , combined with high rates of foreign travel origin cases, can be quite misleading when comparing total incidence rates among countries. Creation of an international standard of reporting actual numbers of stool sample submissions for enteric disease, and differentiation of domestic from foreign-acquired cases would aid evaluation of attribution and interventions.
| Description of the agent, taxonomy and classification
The genus Campylobacter belongs to the family Campylobacteraceae together with the genera Arcobacter, Dehalospirillum and Sulfurospirillum. Campylobacter was established in 1963 (Sebald & V eron, 1963) and its taxonomic structure subsequently revised. Early taxonomy was mainly based on phenotypic data, for example, serological and biochemical characteristics. However, molecular methods have increased knowledge regarding bacterial biodiversity.
At present, the genus Campylobacter contains 29 species, five of which have been further divided into 11 subspecies (http://www.bac terio.cict.fr/ 1-October-2017). The most important Campylobacter species in terms of food-borne disease are considered to be Campylobacter jejuni subsp. jejuni (hereafter called Campylobacter jejuni), Campylobacter coli, and the closely related Campylobacter lari. These three species, plus Campylobacter upsaliensis, are often referred to as thermotolerant Campylobacter, as most strains of these species grow at 42°C. There is some host association in Campylobacter species. In a Danish survey from samples collected at abattoirs, 83%-91% of Campylobacter isolates from poultry and cattle were identified as C. jejuni, whereas 95% of isolates from swine were identified as C. coli (Nielsen, Engberg, & Madsen, 1997) . In a Swedish study, C. lari was most common in migrating birds (Waldenstr€ om et al., 2002) , whereas dogs are mostly colonized with C. upsaliensis (Olsson et al., 2003; Sandberg, Bergsjø, Hofshagen, Skjerve, & Kruse, 2002; Wieland et al., 2005) .
| Pathogen characteristics
In general, Campylobacter is described as sensitive to desiccation compared to other food-borne pathogens (Fernandez, Vergara, & Tapia, 1985) . In the laboratory, Campylobacter species are susceptible to drying, heat, freezing, UV, disinfectants and extremes of pH.
However, in natural environments, C. jejuni and C. coli often survive for longer intervals, depending on the conditions. Survival is supported by lower temperatures (4-10°C), darkness and a moist atmosphere (Rollinson & Colwell, 1986) . Therefore, retail storage conditions for poultry meat are often ideal for survival, as long as meat is not frozen (Georgsson, Thornorkelsson, Geirsd ottir, Reiersen, & Stern, 2006; Sandberg, Hofshagen, Østensvik, Skjerve, & Innocent, 2005 Gaps related to improving control by applying multiple interventions-"the hurdle approach" (MI).
Wechter, & Rosenquist, 2013) , but even after freezing (À20°C) for several weeks, limited numbers of viable Campylobacter were detected on contaminated poultry. Survival potential varies among strains, and environmental stresses can affect host colonization properties (Alter & Scherer, 2006) . Campylobacter spp. are relatively slowgrowing, fastidious bacteria that require specialized culture conditions. Optimal growth is obtained on nutritional basal media supplemented with 5%-10% blood in an atmosphere with 5%-10% oxygen and 1%-10% carbon dioxide (Bolton & Coates, 1983) .
Campylobacter spp. can undergo morphological transformation from spiral to coccal under environmental stress, such as in old cultures or exposure to oxygen. During adaptation to coccoid morphology, Campylobacter spp. may lose their ability to grow on media, as they can enter a viable but non-culturable stage (VNC) (Rollinson & Colwell, 1986) . However, the coccoid form is not necessarily associated with non-culturability, as coccal and VNC formation are independent events. Mechanisms of survival are unclear, but common mechanisms present in other Gram-negative bacteria are not present in the Campylobacter genome.
The tolerance response of C. jejuni to several stressors such as aerobic exposure and acid stresses after mild laboratory adaptation has been reported (Oh, McMullen, & Byeonghwa, 2015) . It is noteworthy that challenging C. jejuni strains under aerobic conditions can enhance their acid tolerance response (Murphy, Carroll, & Jordan, 2003) . Such cross-protection response from one stress to another has also been reported, as genes involved in heat shock response in C. jejuni NCTC 11168 were upregulated in response to acid stress (Reid et al., 2008) . Additionally, starved C. jejuni cells were able to withstand heat stress (Klancnik et al., 2009 ). Furthermore, strainto-strain differences in stress response may be due to genotypic diversity within the Campylobacter population. For example, hyperaerotolerant C. jejuni was highly prevalent in raw chicken meats, and compared to aerosensitive strains, hyper-aerotolerant strains had increased resistance to oxidative stress, both peroxide and superoxide (Oh et al., 2015) .
| Mechanisms of the agent, virulence-associated markers
Despite the importance of C. jejuni as a human pathogen, there is a gap of knowledge about its pathogenicity-associated factors, mechanisms and their role in mediating disease (Table 1 ). This is, in part, due to campylobacters lacking some homologues of virulence factors common in other pathogens. Some well-characterized factors implicated in Campylobacter's host cell invasion and disease pathogenesis are a flagellar apparatus, various genes and proteins linked to adhesion and invasion, lipooligosaccharide (LOS), capsule and cytolethal distending toxin CDT (Dasti, Tareen, Lugert, Zautner, & Gross, 2010; Guerry et al., 2012) .
Despite numerous studies on prevalence of virulence-associated genes/factors in Campylobacter from humans and animals, there are no definite conclusions regarding their exact role in disease. A major hindrance to understanding Campylobacter pathogenicity is the absence of a suitable animal model of disease (Table 1 ). More recently, the structure of the LOS layer of C. jejuni has been suggested to be an important determinant of pathogenicity. Furthermore, it was proposed that C. jejuni strains with sialylated LOS might be more invasive and cause more severe symptoms of enteritis (Godschalk et al., 2007) . The prevalence of strains with genes for sialylation of LOS among human enteritis patients seemed to vary from 50% to 60% (Ellstr€ om, Hansson, Nilsson, Rautelin, & Olsson Engvall, 2016; Ellstr€ om et al., 2014; Habib et al., 2009) . Furthermore, host factors may have important roles in the pathogenesis of campylobacteriosis in humans (Dasti et al., 2010) .
Only a few reports are available on the infective dose of Campylobacter. However, in two studies of experimental infections in humans, Campylobacter jejuni/coli caused illness at oral doses of 500 CFU (Robinson, 1981) and 800 CFU (Black, Levine, Clements, Hughes, & Blaser, 1988 (Oberhelman & Taylor, 2000; Skirrow, 1994) . In industrialized countries, culture-confirmed cases of Campylobacter infection peak in distinct age groups, 0-4 years, 20-25 years (Ang et al., 2011; Moffatt, Glass, Stafford, D'Este, & Kirk, 2017; Spencer et al., 2012) and finally in the 65 years and older age group (Moffatt et al., 2017) . The incubation period for campylobacteriosis is usually 2-5 days. Most patients have 3-7 days of diarrhoea (mild to severe, sometimes frequent, explosive and bloody), abdominal pain, nausea, fever, headache and vomiting. Campylobacter infections are usually self-limiting within 1 week, but in some patients, the illness may last longer, and in~20% of patients, symptoms may persist for up to 3 weeks (Allos & Blaser, 1995 there were no significant associations between the severity of gastrointestinal symptoms and development of GBS (Allos & Blaser, 1995) . The incidence of GBS following C. jejuni infection was 30.4
per 100,000 cases of C. jejuni infection, in data derived from the Swedish national laboratory reporting system for the years 1987-1995 and C. jejuni infection preceded onset in~25% of all GBS cases HANSSON ET AL.
| 33 (McCarthy & Giesecke, 2001) . GBS can be triggered by sialylated LOS on the cell surface of C. jejuni that exhibit molecular similarity with gangliosides on human peripheral nerves (Godschalk et al., 2007 (Greg, Mannino, Eaton, & Moss, 2003) . Fortunately, despite the high number of human campylobacteriosis cases, mortality is low, with an EU case fatality of 0.03% in 2015 (EFSA, 2016) . Mortality is usually rare and confined to very young children or elderly and in patients with multiple pre-existing diseases or other underlying conditions (e.g., cancer, AIDS, or chronic liver disease) (Gradel et al., 2008; WHO, 2017) .
In human studies involving volunteers, protective immunity to campylobacteriosis occurs after primary infection, but it is of short duration and strain specific (Black et al., 1988) . (Cawthraw, Feldman, Sayers, & Newell, 2002; Janssen et al., 2008; Strid et al., 2001 ).
| Geographical distribution and spread
Campylobacter is endemic worldwide. The incidence of infections of
Campylobacter has been reported in many high-income countries, whereas in low-and middle-income countries, the human incidence Cyprus, Latvia, Poland, Portugal and Romania (≤3.7 per 100,000) in 2015 (EFSA, 2016) . However, these data ignore differences among countries in healthcare systems or laboratory practices. A clear seasonal variation of confirmed campylobacteriosis cases was reported, with sharp peaks in the summer (EFSA 2016; ESR 2016; Friedrich, Marshall, Biggs, Midwinter, & French, 2016; Williams, Golden, Ebel, Crarey, & Tate, 2015) . Seasonal patterns of infection are more common in some countries, especially in northern countries, but less so in temperate and warmer areas (Jore et al., 2010) . The seasonal peak in humans usually precedes the seasonal peak in prevalence of positive chicken flocks. Other livestock also have seasonal peaks, although not necessarily concurrently (Stanley, Wallace, Currie, Diggle, & Jones, 1998) . The causes of the seasonal peak are uncertain, but in northern European countries, the amount of sunlight coupled with warmer temperatures during the summer greatly affects human behaviour and may encourage outdoor activities, such as picnicking, camping, swimming and altered eating habits, with more barbecues compared to winter (Strachan et al., 2013) . There may also be an increased exposure to Campylobacter in nature, which increases the risk of campylobacteriosis (Stuart et al., 2010) . Better survival of
Campylobacter during summer, combined with the high density in commercial broiler farming favouring a rapid spread from one bird to another, and could contribute to high Campylobacter prevalence.
Regardless, the main drivers of Campylobacter seasonality are uncertain.
| Food-associated vectors
In most human cases, Campylobacter is transmitted by a faecal-oral route and humans are commonly infected after ingestion of contaminated or undercooked meats, unpasteurized milk or unwashed vegetables. According to a scientific opinion on Campylobacter in broiler meat production conducted by EFSA, it was stated that handling, preparation and consumption of broiler meat may account for 20%-30% of human cases of campylobacteriosis, whereas 50%-80% may be attributed to the chicken reservoir as a whole (EFSA, 2011) . In Scandinavia, with a long-standing focus on biosecurity in the poultry sector, the incidence of human campylobacteriosis is approximately 80/100,000 (approximately half are attributed to being acquired from domestic sources). Regardless, in particular intervals, the incidence has been higher, for example, in Iceland and Sweden (EFSA, 2016) . Similar to the situation in Nordic countries, reductions in percentage of infected poultry are not followed by reductions in human cases, implicating sources other than poultry (SVA, 2016).
Some strains of Campylobacter spp. appear to have a higher ability to survive in the environment and hence to colonize broilers, resulting in cross-contamination during slaughter and processing, as well as in the kitchen. There is also evidence that particular strains of C. jejuni and C. coli are very aerotolerant and hence can survive very well in chilled meat, as well as in the environment (Oh et al., 2015) . Differences in colonization potential in broilers need to be clarified, and routes for transmission between livestock other than poultry have not been elucidated. Genotypically, similar C. jejuni strains are able to colonize a range of hosts instead of being host specific (Hopkins, Desai, Frost, Stanley, & Logan, 2004) (81%) of these outbreaks. An increasing number of outbreaks associated with unpasteurized milk has been reported in other countries Mungai, Behravesh, & Gould, 2015) , most likely due to increased demand for unpasteurized milk products. Based on wgMLST, there was a high level of genome sequence similarity among outbreak-associated isolates from faeces of dairy cattle, contaminated milk and patients (Revez et al., 2014) . Campylobacter is ubiquitous in the farm environment. Milk can be contaminated by faecal material during milking or improperly sanitized milking equipment. In the 2014, Campylobacter was detected in up to 17% of tested units of unpasteurized cow's milk or low heat-treated products intended for direct human consumption (EFSA, 2015) .
Campylobacters are also common in natural water, such as streams, rivers and lakes, due to discharges from wastewater treatment plants, run-off from pastures after rain and direct contamination with faeces from infected animals or people (Jones, 2001) .
Outbreaks have occurred after consumption of contaminated drinking water (H€ anninen et al., 2003; Kuhn et al., 2017) . In New Zealand, consumption of untreated water was the third most reported risk factor associated with campylobacteriosis in 2015 (ESR, 2016).
| Non-food-associated vectors and sources
Campylobacter spp. may be spread by direct, animals to person or environment to person contact. In New Zealand, contact with farm animals was the second most (after consumption of food from retail premises) reported risk factor associated with campylobacteriosis in
(ESR, 2016). Many surveys have confirmed the presence of
Campylobacter in pets (Olsson et al., 2003; Sandberg et al., 2002; Westermarck, 2016) , with dog owners having a significantly increased risk for pet-associated human C. jejuni and C. coli infection (Mughini Gras et al., 2013) . As cattle are often colonized with Campylobacter spp., persons working with them may be at increased risk of exposure to Campylobacter. Identical PFGE profiles were reported from calves and from a farm worker hospitalized due to campylobacteriosis (Hansson, Olsson Engvall, Ferrari, Harbom, & Lahti, 2017) .
In Norway, 15.4% of the participants in the famous "Birkebeineren" bike race reported gastrointestinal symptoms within 10 days after a race in August 2010. The track crossed an area where many grazing animals were present, and weather was severe, with heavy rainfall prior to the race (Mexia, Vold, Heier, & Nyg ard, 2013) . In the cohort study, there was an attack rate of 16.3%, with the main risk factor being mud splashes to the face during the race (Mexia et al., 2013 
| DIAGNOSTICS
There is no clear "gold standard" for routine isolation/detection of all Campylobacter species. However, various methods, including culture and culture-independent tests, have been developed and published (Fitzgerald & Nachamkin, 2015) .
| Culture
Incubation of thermotolerant Campylobacter spp. should preferably be performed at 42°C to minimize growth of contaminants. Most
Campylobacter spp. are microaerophilic, although a few species have a range of oxygen tolerance, whereas others are almost anaerobic.
Growth is optimal in an atmosphere with 5%-10% oxygen and 1%-10% carbon dioxide (Bolton & Coates, 1983) . Furthermore, in some species, growth is enhanced in the presence of hydrogen (Goodman & Hoffman, 1983) . Several methods are available to achieve an optimal gas mixture, including gas-generating envelopes such as Campy- (Agulla et al., 1987) . For example, some strains of C. coli are sensitive to polymyxin B and may therefore be inhibited in Preston enrichment broth or Preston agar (Goossens et al., 1986) , whereas some strains of C. coli and a few strains of C. jejuni may be missed due to their sensitivity to cephalotin (Brooks et al., 1986) .
Media can be classified in three main groups: chromogenic agar, blood-containing and charcoal-containing media. Blood components and charcoal remove toxic oxygen derivates such as peroxides, singlet oxygen and superoxide ions, which can form when media are exposed to light. These products are toxic to Campylobacter, as they lack the enzymes superoxide dismutase and peroxidase (Corry et al., 1995 stresses (e.g., temperature changes, nutrient deprivation, dehydration or exposure to atmospheric oxygen), whereas direct culture is recommended for samples in which large numbers of Campylobacter are expected. In mammals and birds, detection of intestinal colonization is based on isolation of the organism from faeces, rectal swabs and/ or caecal contents. Alternatively, membrane filters can be applied directly to a non-selective blood agar plate (Steele & McDermott, 1984) . However, membrane filtration is now uncommon, as most laboratories use selective media. Preliminary confirmation of isolates is usually performed by phase-contrast microscopy to detect characteristic rapid corkscrew-like motility.
| Culture-independent diagnostic tests
Thermotolerant Campylobacter spp. can be difficult to culture. However, there are a variety of culture-independent diagnostic tests available for detection and identification. The most frequently used alternatives to conventional cultivation are DNA-based, or molecular assays, for example, polymerase chain reaction (PCR) or real-time PCR assays (Josefsen, Bhunia, Engvall, Fachmann, & Hoorfar, 2015) .
In one of the first applications of PCR for detection of Campylobac-
ter (Oyofo et al., 1992) , primers targeted the flagellin A gene of C. jejuni, enabling detection of C. coli in seeded human faecal samples.
With subsequent refinements, molecular assays have now almost replaced other culture-independent tests, such as enzyme immunoassays (Endtz et al., 2000) . There is a lack of standardization of these serological assays and many have low sensitivity and speci- 
| Identification and subtyping
Conventional identification for Campylobacter is based on classical phenotypic characteristics such as morphology, motility and biochemical reactions under various growth conditions, or latex agglutination (Nachamkin & Barbagallo, 1990 (Kokotovic & On, 1999) , PFGE (pulsed field gel electrophoresis) (Gibson et al., 1995; Ribot, Fitzgerald, Kubota, Swaminathan, & Barrett, 2001) , ribotyping (Owen, Hernandez, & Bolton, 1990) and MLST (multilocus sequence typing) (Dingle et al., 2001 ). More recently, whole genome sequencing (Table 1) .
| SOCIO-ECONOMIC IMPACTS, INCLUDING ZOONOTIC ASPECTS
Campylobacteriosis is an important public health problem worldwide.
Data from several sources document substantial economic impacts through loss of working time as a result of infection with Campylobacter. For example, EFSA estimated the cost of campylobacteriosis in the EU was~EUR 2.4 billion a year, due to public health effects and lost productivity. Furthermore, a recent report from the United
States estimated an economic burden from health losses due to this pathogen at $1.56 billion (Scharff, 2012) . In the United Kingdom, estimated costs to patients and the health service at [2008] [2009] were £50 million for Campylobacter, whereas the cost of hospitalization for Campylobacter-related GBS was £1.26 million (Tam & O'Brien, 2016) . In a report from the Swedish Institute for Food and Agricultural Economics (Sundstr€ om, 2015), the social costs for five food-borne diseases have been calculated. For the estimated number of 80,000 true cases of campylobacteriosis per year in Sweden, the estimated annual cost, both direct (medicine and hospital treatment and non-institutional care) and indirect (decreased productivity), was 629 million SEK.
Using data from the Dutch CARMA project, the cost of illness of food-related pathogens was estimated and presented, with disease burden expressed in Disability Adjusted Life Years. The social burden using incidence estimates data from 2011, with direct healthcare costs (e.g., doctor's fees, hospitalizations and medicines), direct nonhealthcare costs (e.g., travel to and from the doctor), indirect nonhealthcare costs (e.g., productivity loss, special education) and total costs. At the population-level 2011, norovirus had the highest total cost of illness, followed by thermotolerant Campylobacter spp., with a cost of €76 million/year (Mangen et al., 2015) .
| DESCRIPTION OF CAMPYLOBACTER IN NATURAL HOSTS

| Reservoirs
Campylobacter spp. are frequently isolated from faeces of healthy food-producing animals (e.g., poultry, pigs, cattle and sheep), wild animals and companion animals (e.g., dogs and cats) (Blaser, Taylor, & Feldman, 1983; Jore et al., 2010; Olsson et al., 2003; Skirrow, 1994; Stanley et al., 1998) . These reservoirs continuously contaminate the environment and food products, and are a source of pathogens for campylobacteriosis in humans. Jacobs-Reitsma et al., 1995; Newell & Wagenaar, 2000) . This initial resistance to infection appears to be related to maternally derived immunity, although newly-hatched chicks can be colonized (Boyed, Herbert, Marston, Jones, & Barrow, 2005) . There is some evidence for Campylobacter strain-associated differences in colonization potential in broilers (Chaloner et al., 2014) . Little is known about transmission between various kinds of livestock (Table 1) 
| Host range
Livestock such as poultry, cattle, sheep and pigs are often carriers of Campylobacter; they can rapidly become Campylobacter-positive after birth by acquiring infection from their dams. Poultry, especially chickens, are colonized throughout their gastrointestinal tract; colonization of the caecum can reach 10 9 CFU per gram of caecal contents (Cawthraw et al., 1996; Hansson, Nyman, Lahti, Gustafsson, & Olsson Engvall, 2015) . Although Campylobacter in poultry is regarded as asymptomatic, hepatitis in chickens (white spotted livers) may be caused by Campylobacter hepaticus (Van, Elshagmani, Gor, Scott, & Moore, 2016 Alternative production systems such as organic, free-range and other broilers with outdoor access had a higher prevalence of
Campylobacter-colonized flocks compared to those that were conventionally raised (Allen, Ridley, Harris, Newell, & Powell, 2011) . In addition to outdoor access, they are older at slaughter (up to 7 weeks), which is another risk factor (Bouwknegt et al., 2004; N€ ather et al., 2009; Sommer, Heuer, Sørensen, & Madsen, 2013) .
The nature of the association between Campylobacter and poultry can be attributed to certain adaptation mechanisms. First, it has been suggested that the microaerophilic nature of Campylobacter is probably a reflection of limited oxygen concentrations in the avian gut (Park, 2002) . Secondly, the optimal growth temperature of the thermotolerant campylobacters (42°C) mirrors that of the avian gastrointestinal tract, which differs considerably from the mammalian gut (37°C) (Young, Davis, & Dirita, 2007) . Thirdly, motility and chemotactic behaviour of C. jejuni have roles in colonizing the chick gastrointestinal tract, because the organisms are preferentially attracted towards fucose components of the chick's intestinal mucin (Pickett, Auffenberg, Pesci, Sheen, & Jusuf, 1992) . Fourth, Campylobacter may have evolved mechanisms to overcome nutritional limitations while colonizing the avian gastrointestinal system. One of these is the ability to acquire iron from both the avian host and the gastrointestinal flora. For example, C. jejuni is able to utilize hostderived hemin and haemoglobin and some C. jejuni strains have transport systems that enable them to scavenge siderophores (highaffinity iron compounds) generated by other gastrointestinal flora.
Regardless, there are still knowledge gaps regarding survival in the environment in and around broiler houses and understanding transmission routes in broilers (Table 1) .
Isolation rates in pets are highly variable, due to differences in methodology, specimen cultured, age of pets, geographical region and season. In a 2001 survey in Sweden, 91 healthy family dogs were sampled, and Campylobacter spp. were isolated from 56%, with a higher isolation rate in younger dogs (<13 months). Campylobacter upsaliensis predominated and was isolated from 42% of dogs (Olsson et al., 2003) . Many studies have been conducted on the potential for
Campylobacter to cause diarrhoea in dogs. Most of these studies did not detect any association between isolation rates between dogs with or without diarrhoea (Hald, Pedersen, Wainø, Jørgensen, & Madsen, 2004; Olsson et al., 2003; Sandberg et al., 2002; Westermarck, 2016 ).
Due to the fastidious growth requirements for these organisms, amplification mainly occurs within a host. Cattle and pigs are frequently colonized with Campylobacter, with prevalence at slaughter 50% to 90% (Abley, Wittum, Moeller, Zerby, & Funk, 2012; Stanley et al., 1998) . Presence of
Campylobacter in cattle and pigs is usually asymptomatic, although in cattle and sheep, C. jejuni may cause sporadic abortions. The incidence of abortion is low and appears to be dependent on time of infection (Tang, Meinersmann et al., 2017) . Abortion tends to occur late in gestation and induces long-lasting immunity. In the United
States, there has been a dramatic species shift in the aetiology of Campylobacter abortions; C. jejuni has replaced C. fetus subsp. fetus as the predominant cause of ovine abortion. A highly pathogenic C. jejuni clone is emerging in ruminants, causing abortion in sheep, with evidence of transmission to humans (Sahin et al., 2012) . Except for this specific clone, humans are considered to be the only host species that becomes clinically ill after oral ingestion. 
| PREVENTION OF COLONIZATION AND CONTAMINATION
| Vaccines
There are currently no commercial vaccines for prevention of enteric Campylobacter colonization in birds or mammals (Table 1 ). More knowledge is needed, for instance regarding pathogenesis and immunity of Campylobacter, to develop vaccines that confer protection against all genotypes (Table 1 ).
Issues to be considered for broiler vaccines include the following:
• Broilers may have maternally derived immunity, which appears to confer protection. There were high titres of antibodies to C. jejuni in sera from 1-day and 7-day-old chickens; thereafter, antibody titres decrease substantially (Sahin et al., 2001) . In birds and mammals,
immunity to Campylobacter appears to be strain-specific and complex and antigens conferring immunity are not well understood. Most antigens have conserved, as well as strain-specific and conformational plus linear epitopes. In humans, a candidate vaccine was developed using an empirical approach. A vaccine consisting of heatand formalin-killed whole bacteria, combined with heat-labile toxin (LT) as a mucosal adjuvant, was developed by the Navy Medical
Research Institute (USA) and provided 87% protection against intestinal colonization in a small number of volunteers challenged post-vaccination with a pathogenic Campylobacter strain (Schnee & Petri, 2017) . Current studies have focused on the use of flagellin or flagella-secreted protein, FspA1 as candidate vaccines to be administered by the nasal route with attenuated LT R192G as an adjuvant.
Vaccination of mice with FspA1 conferred 64% protection against C. jejuni challenge. The major outer membrane protein from C. jejuni might be another promising candidate for a subunit vaccine, especially when made into proteoliposomes (Riddle & Guerry, 2016 ). An oral live multivalent vaccine with antigens from Campylobacter, Shigella and ETEC is also currently being developed as a travellers diarrhoea vaccine (http://www.freepatentsonline.com/6790446.pdf).
One consideration when vaccinating humans is risk of inducing GBS; therefore, a strain unable to induce GBS should be used (Table 1) . Optimal biosecurity may be possible with a broiler house that is fairly new, implying no cracks in the floors, no water entering via the ceiling or ventilation system, as well as limited potential for entry of rodents or insects. In addition, biosecurity rules regarding entering the house (i.e., risk behaviours) must be consistently followed (Battersby, Whyte, & Bolton, 2016) . Consequently, thinning, also called split slaughter, with a broiler flock slaughtered in more than one batch, is a risk factor and should be avoided (Hansson et al., 2010; Lawes et al., 2012) . As Campylobacter are shed in faeces and ubiquitous in the environment, including surface waters, they could be transmitted into broiler houses via vectors such as flies, insects, rodents or via vehicles as aerosols or dust (Søndergaard et al., 2014) .
| Biosecurity of broilers at farm level
| Biosecurity by prevention of vectors at farm level
It is believed that flies can act as mechanical vectors and transmit
Campylobacter into broiler houses (Hald, Skovgard, Pedersen, & Bunkenborg, 2008) . Fly screens have been effective at reducing transmission in some countries. Effectiveness of fly screening of ventilation inlets is most dramatic when applied in conjunction with careful broiler house entry biosecurity, as either flies or poor farm biosecurity can cause a high flock prevalence (Hald, Skovg ard, Bang et al., 2004) . Controlling insects and excluding rodents, other wild animals and wild birds, are important in preventing disease transmission (Sommer et al., 2013) .
Wall-mounted ventilation fans can act as light traps and attract insects into broiler houses, especially during the evening. Ventilation systems with negative pressure inside houses make it easier for insects to enter houses and transmit Campylobacter. In a Danish study (Hald, Skovg ard, Bang et al., 2004) , it was suggested that broiler houses with negative pressure ventilation with wall valves for air intake made it easier for flies to enter a broiler house. Fly traffic in and out of broiler houses is huge (>30,000 flies per production cycle). Consequently, installation of fly screens around ventilation openings delayed and reduced Campylobacter colonization in flocks (Hald et al., 2008) . A UK study using multilocus sequence typing demonstrated that flies were carrying broiler-associated sequence types, responsible for human enteric illness (Royden et al., 2016) .
Larger fly populations during summer may be a substantial cause of seasonality and time trends for Campylobacter survival and transmission. Regardless, more knowledge is needed to understand factors contributing to seasonality of campylobacteriosis (Table 1) .
| Biosecurity by prevention of risk behaviours at farm level
Campylobacter can be transmitted into broiler houses via farm workers if biosecurity is deficient (Hansson et al., 2010; Newell et al., 2011) . Appropriate cleaning between flocks, safe handling of litter and manure, elimination of standing water around houses and safe handling and storage of feed are of great importance (Sandberg et al., 2015) . Current control measures in conventional broilers usually prevent transmission of Campylobacter into broiler houses. Good hygiene and disinfection should be used to prevent spread of
Campylobacter from one house to another (by people or on fomites), or to subsequent birds placed in the same house. The design of the ante room and the way that farm workers enter a broiler house are important factors in avoiding colonization of Campylobacter in broilers (Hansson et al., 2010) . A high level of biosecurity involves an ante room with an easy to clean floor and opportunities for handwashing, dedicated clothing and at least two changes of footwear before entering the broiler house. In some countries, boot dips are used as disinfection before entering broiler houses (Gibbens, Pascoe, Evans, Davies, & Sayers, 2001) . However, to be effective, it is essential that boot dipping is performed for at least a minimum specified interval, and the disinfectant is at an appropriate concentration and replaced as needed. Regardless, changing shoes should be more effective in preventing colonization of broilers with Campylobacter.
The absence of cracks in the floor, open ventilation valves in the roof and other openings where rodents and insects can enter, are all known to be very important (Sandberg et al., 2015) . | 39 2009; Hansson et al., 2010) , thinning (Hansson et al., 2010; Torralbo et al., 2014) , poor general tidiness (Hansson et al., 2010; McDowell et al., 2008) , seasonality (Bouwknegt et al., 2004; Ellis-Iversen et al., 2009; Hansson et al., 2010; Refr egier-Petton et al., 2001) , multiple ages of birds and old broilers at slaughter (Bouwknegt et al., 2004; Torralbo et al., 2014) , and dogs and cats on the farm or rodents in the broiler house (Torralbo et al., 2014) . Despite all the risk analyses that have been performed, there are still knowledge gaps regarding survival in the environment and transmission into broiler houses (Table 1) .
In 2014, an EU project (CamCon) to improve control of Campylobacter in primary poultry production in Europe and thereby enable production of "low-risk broilers" was finalized (Borck Høg et al., 2016 
| Other control measures than biosecurity for chicken at farm level
Consistent compliance with all biosecurity measures results in a high probability that a broiler house remains free of Campylobacter.
Regardless, there may be other factors that cause colonization of
Campylobacter in broilers that is difficult to prevent, despite a high level of biosecurity. Nevertheless, prevalence decreased in countries where biosecurity was implemented as part of a national action plan (Hofshagen & Kruse, 2005) .
Apart from vaccination, use of bacteriophages and bacteriocins has been suggested as control measures at the farm level. Bacteriophages are viruses that infect bacteria, whereas bacteriocins are antimicrobial peptides produced by various bacterial species. Experimentally, bacteriophages or bacteriocins were effective for reducing C. jejuni colonization in broilers if administered days prior to slaughter (Wagenaar, Van Bergen, Mueller, Wassenaar, & Carlton, 2005) .
There was a reduction in C. jejuni in caecal contents (up to 2-3 log10 CFU/g). Therefore, phage therapy may lower the numbers of
Campylobacter entering an abattoir. However, it may be difficult to determine the optimal time of treatment if colonization status of chickens is unknown. Furthermore, phage therapy may not be sufficient when total content of Campylobacter spp. exceeds 10 8 CFU/g faeces (Cawthraw et al., 1996; Hansson et al., 2015) . Early reports of potential applications of bacteriocins to reduce colonization levels of Campylobacter spp. in broilers at slaughter were optimistic. However, there have been no reports in recent years of progress towards commercial-scale trials. Regardless, there is still potential for development (Table 1 ).
The use of probiotics and prebiotics, combined with general farm-level biosecurity strategies and hygienic measures at slaughter, may be reduce the load of C. jejuni. For example, there was a significant reduction in C. jejuni in faeces of naturally infected chickens after supplementation for 15 days in two Italian studies (Baffoni et al., 2012; Santini et al., 2010) . In another study, chickens were fed a synbiotic product, Bifidobacterium longum mixed with a xylo-oligosaccharide (Baffoni et al., 2017) . One-day-old chicks were infected with C. jejuni strain, and a synbiotic mixture was fed twice, on Day 1
and Day 
| Prevention and control at slaughter
Broiler carcasses can become contaminated with Campylobacter during slaughter by contact with intestinal contents or a contaminated environment. The risk of carcass contamination increases as more
Campylobacter enter the slaughter process Lindblad et al., 2006; Rosenquist et al., 2003) . Furthermore, highly contaminated poultry meat has been associated with a higher probability of causing human illness (Luber, Brynestad, Topsch, Scherer, & Bartelt, 2006; Nauta et al., 2009) . Based on risk assessments, the most effective intervention measures aim at reducing Campylobacter concentration, rather than reducing prevalence (Nauta, Sanaa, & Havelaar, 2012) . A risk assessment model where the aim was to assess effects of various interventions and combinations of interventions against Campylobacter in poultry was constructed in Denmark (Anon. 2011) , in response to a request from EFSA to evaluate a (Stern et al., 2003 ).
An alternative physical decontamination technology is crust freezing, based on rapid ice crystallization on the "meat surface"
causing a thin frozen crust, followed by temperature equalization.
Crust freezing reduced Campylobacter counts by 2 log CFU (James et al., 2007) . However, crust freezing of broiler carcasses provided only a 0.42-log CFU reduction can reduce Campylobacter counts on chicken carcasses by 1.0-2.0 log CFU (Riedel, Brondsted, Rosenquist, Haxgart, & Christensen, 2009; Somers, Schoeni, & Wong, 1994) . Treatment of chicken carcasses with chlorine compounds has also been extensively studied, but with varying results, depending on the compound and treatment regime. Electrolysed water (hypochlorous acid is the principal active antimicrobial agent) had some potential in reducing numbers of
Campylobacter on broiler carcasses under experimental conditions, but needs additional evaluation under processing facility conditions (Northcutt, Smith, Ingram, Hinton, & Musgrove, 2007) . Lactic acid (2.5%) was regarded as a cost-effective intervention strategy in a Dutch risk assessment study (Nauta et al., 2009) . However, lower concentrations may be required, as 2.5% lactic acid causes a yellow discoloration of the skin of chicken carcasses. Peracetic acid (PAA) significantly reduced Campylobacter contamination in a ground chicken meat product (Park, Harrison, & Berrang, 2017) . Detailed research is still needed to determine appropriate duration, temperature and effects of the food matrix on antimicrobial activity of various chemicals. In addition, more research may be needed on the toxicological, environmental and food sensory aspects of applying chemicals to carcasses (Table 1) .
The European Union legislation lays down rules for monitoring of zoonoses and zoonotic agents, that is, Campylobacter in the so-called Zoonosis Directive (Anon, 2003) . Moreover, the regulation on microbiological criteria for certain microorganisms has been amended in 2017 to include a process hygiene criterion (PHC) for Campylobacter in broiler carcasses (Anon, 2017) . A PHC is a criterion indicating the acceptable functioning of the production process. The PHC for
Campylobacter means control options along the poultry meat production chain, keeping under control contamination of carcasses during the slaughter process, with impacts on reduction in number of human cases. The EFSA estimates that a public health risk reduction from consumption of broiler meat of >50% could be achieved if carcasses complied with a limit of 1,000 cfu/g (Swart, Mangen, & Havelaar, 2013) and highlights that there are significant differences in contamination between neck skin and breast skin samples. This regulation is applied from 1 January 2018 and applicable in all Member
States. Abattoirs failing to meet this standard will need corrective actions, including improved slaughter hygiene and review of process controls, the farm of animal origin and farm biosecurity measures.
| Prevention and control at retail and consumers level
Although risks with consumption of unpasteurized milk are well documented Mungai et al., 2015) interviews with farmers and preschool staff revealed that they were unaware of these risks, suggesting a need for targeted information campaigns.
Unpasteurized milk needs to be heat treated and hygienic measures are needed when young children or other humans with low immunity are visiting farms, as outbreaks of campylobacteriosis have occurred in preschoolers after visits to a dairy farm. Campylobacter spp. in animal or human waste can contaminate water (Kuhn et al., 2017; Ravel et al., 2017) . Therefore, water should be boiled, allowed to cool, stored in a clean sanitized container with a tight cover and refrigerated. Currently, there is no filter certified to remove Campylobacter from water. Even if Campylobacter is unable to grow in food, milk and water, the low infective dose means that undercooking of raw foods and/or cross-contamination from raw to ready-to-eat foods is a major risk factor for human infection. In a nationwide web-based questionnaire administered to Year 9 students in Swedish Compulsory School, every fifth student lacked knowledge that chicken must be well cooked and almost half the students thought there was no risk involved with tasting raw minced meat (Lange, 2017) . Clearly, there are knowledge gaps regarding how to prevent transfer of Campylobacter from raw to ready-to-eat food (Table 1) .
| TR EATMEN T
Almost all humans infected by Campylobacter recover without specific treatment; however, antimicrobial therapy is warranted for patients with bacteremia or a life-threatening condition. Erythromycin is considered the optimal drug for treatment of campylobacteriosis, as it is easy to administer and has a narrow spectrum of activity (Acheson & Allos, 2001) . Previously, fluoroquinolones were the drug of choice for | 41 between 2007 and 2014, ciprofloxacin resistance tended to increase over time from 54% to 72% (Post et al., 2017 
| CONCLUSIONS
Campylobacter is a major cause of food-borne bacterial enteritis in humans worldwide and the most frequently reported bacteria causing gastroenteritis in the western world. There are many knowledge gaps in regard to the understanding of virulence/pathogenicity of Campylobacter in humans. Furthermore, methods for genetic subtyping and nomenclature for strain characterization should be harmonized.
Control for Campylobacter based on eradication principles is both difficult and expensive to be effective against an agent originating from multiple sources. A way of controlling Campylobacter would be vaccines for broilers or ideally humans, but more knowledge is needed in development of vaccine that protect against all genotypes and that can be easily administered. Control of Campylobacter from other sources than meat would for instance require investments in new infrastructure for sewage and water treatment, as well as water distribution systems. There is evidence for that Campylobacter is ubiquitous, and hence, risk reduction is the only readily achievable goal. In that perspective, it is of uttermost importance with consumer education and domestic hygiene training to prevent transfer of Campylobacter from, raw to ready-to-eat foods or from nonchlorinated drinking water derived from surface water sources or from mud/soil during recreational activities. The most important gaps are summarized in Table 1 , based on current knowledge and interpretation of available data.
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